Introduction. In the United States, more than 10% of national health expenditures are for prescription drugs. Assessing drug costs in US economic evaluation studies is not consistent, as the true acquisition cost of a drug is not known by decision modelers. Current US practice focuses on identifying one reasonable drug cost and imposing some distributional assumption to assess uncertainty. Methods. We propose a set of Rules based on current pharmacy practice that account for the heterogeneity of drug product costs. The set of products derived from our Rules, and their associated costs, form an empirical distribution that can be used for more realistic sensitivity analyses and create transparency in drug cost parameter computation. The Rules specify an algorithmic process to select clinically equivalent drug products that reduce pill burden, use an appropriate package size, and assume uniform weighting of substitutable products. Three diverse examples show derived empirical distributions and are compared with previously reported cost estimates. Results. The shapes of the empirical distributions among the 3 drugs differ dramatically, including multiple modes and different variation. Previously published estimates differed from the means of the empirical distributions. Published ranges for sensitivity analyses did not cover the ranges of the empirical distributions. In one example using lisinopril, the empirical mean cost of substitutable products was $444 (range = $23-$953) as compared with a published estimate of $305 (range = $51-$523). Conclusions. Our Rules create a simple and transparent approach to creating cost estimates of drug products and assessing their variability. The approach is easily modified to include a subset of, or different weighting for, substitutable products. The derived empirical distribution is easily incorporated into 1-way or probabilistic sensitivity analyses. Key words: cost effectiveness analysis; drug costs; health technology assessment; sensitivity analysis. I n economic evaluations of a health technology or treatment strategy, drug costs are frequently an important element in a decision model. 1, 2 While best practices have been described for estimation and uncertainty for many parameters in decision models, uncertainty around drug costs has been largely unstudied. [3] [4] [5] [6] [7] [8] An obvious explanation of this omission is that in many countries, such as Canada, Australia, and the United Kingdom, a single per-unit price list is published by a national payer. [6] [7] [8] As a result, economic evaluators use this published cost, scaled appropriately, and do not need to account for uncertainty in the cost of medications. [9] [10] [11] In the United States, no corollary of this per-unit drug cost exists publically. 12, 13 The goal of our work is to improve upon current methodologies for costing medications in the United States, by deriving a set of Pharmacy Practice-Based Substitution Rules (Rules) that transparently consider the full set of drug products to be used to fill a given medication order. A medication order is the unit of analysis for an economic evaluation and is a specific quantity of a particular formulation of a drug, taken a specified number of times a day over a specific time period. The consideration of a full set of products provides a natural way to systematically account for uncertainty in drug costs. In addition to added precision and transparency, this procedure improves uncertainty analysis by more fully covering the real heterogeneity experienced by payers in the United States. Finally it adds a uniformity that is lacking in drug cost parameter estimation for US-based decision analyses.
Prior studies reflecting the cost of drugs in the United States have defaulted to some function of average wholesale price (AWP) as the base-case estimate. While much has been made of the inadequacy of AWP as a cost metric, a literature review of USbased economic evaluation published in the past 5 years (identified by querying PubMed for keywords Markov model, drug cost, sensitivity, United States) found 34 of 36 studies used AWP, some percentage discount of AWP, or wholesale acquisition cost (WAC; which is generally computed as 75%-80% of AWP). 13, 14 It was not clear in these studies how their base-case estimates were derived, that is, precisely which particular drug product was used to estimate their cost. These US-based economic studies did account for uncertainty in drug cost, yet the approaches to quantify uncertainty varied greatly across the studies in our literature review. 10, Overall, there was a lack of justification for both the estimates and the uncertainty strategy in these articles, including their estimated base-case costs, their choice of the minimum and maximum used in 1-way sensitivity analyses, and their distributional assumptions used for probabilistic sensitivity analyses. These arbitrary distributions and assumptions potentially bias base-case estimates and the validity of sensitivity analysis findings.
Our derived Rules use the information available in the Truven Health Analytics Red Book, an online compendia of all drug products currently available in the United States, to compile a full set of drug products that could be used for any medication order of interest. 44 We selected AWP as our cost metric because our literature review revealed AWP as the de facto cost metric for the United States. Although WAC is frequently used in studies, this metric is not universally reported in the Red Book or other drug costing compendia.
We determine which drug products could be selected to fill a medication order and then scale the cost appropriately. This approach provides a distribution of potential costs for that medication order. We propose to use this empirical distribution as the input for drug cost in US-based decision analyses. The mean or median of the empirical distribution can be used as the base-case estimate, the derived minimum and maximum can be used as the range for a 1-way sensitivity analysis, and the empirical distribution can be sampled for use in a probabilistic sensitivity analyses.
The article proceeds as follows. Rules to determine the set of substitutable products for inclusion in the costing process are described in the Methods section, the findings after implementing the Rules for 3 drugs are compared with prior published base-case and uncertainty estimates in the Results section, and the impact of the Rules and their applicability to future research, as well as ways to adapt the Rules to be the most relevant for particular perspectives, are described in the Discussion section.
METHODS

Overview
The key innovation of our method is that it evaluates all drug products available in the United States and determines which products could be used to fill a medication order of interest by encoding expert knowledge of pharmacy practice. A drug product is an entity that is available for sale in the United States, distinguished by a unique National Drug Code, and includes a drug of precise amount, formulation, package size, and manufacturer. A medication order is a drug of exact quantity, route of delivery, frequency, and length of use.
We apply our Rules to 3 real-world drug costing scenarios and compare their results to previously published studies. [47] [48] [49] For any given medication order, these Rules identify clinically equivalent products, choose drug products that minimize pill burden (as defined later), and consider only drug products with an appropriate package size. We use the Red Book as it includes necessary information to apply our Rules, such as the quantity and unit of delivery for every drug product (strength, route, formulation), package size, manufacturer, generic and unit-dose designation, and AWP. In this article, we focus only on oral formulations of drugs (tablets, capsules, liquids) as these account for the majority of outpatient drug use, although our method can be applied to other drug formulations with slight modification in the calculation.
Pharmacy Practice-Based Substitution Rules
To define the Rules, we first select clinically equivalent products for a particular medication order, by identifying all products containing the same active ingredient. The list of drug products can range in number from 1 to potentially thousands, depending on the number of unique drug products that contain the active ingredient. Next, we remove drug products that have a different route of delivery than defined in the medication order, as these are not clinically equivalent. For example, intravenous products are eliminated when a medication order specifies an oral route. Even with requiring an identical route, we still allow for variation in drug formulation, as an oral route product can be delivered in various formulations such as tablets, capsules, and liquids. These different forms of an orally administered drug are clinically equivalent and are often used interchangeably based on prescriber and patient preferences. 50 Once we identify the clinically equivalent drug products, we define the notion of pill burden. 51, 52 For most medication orders, it is possible to obtain the desired daily dose of a medication using different strength drug products. For a given active ingredient, 20 mg of a tablet can be achieved with two, 10-mg tablets or one, 20-mg tablet. In practice, a provider may have a preference in prescribing one strength over another, a provider may be unaware that an alternative strength exists, a patient may prefer the size of 10-mg tablets, or the provider may prefer smaller units of the drug to allow for altering the dose over time. If multiple units of a drug product cannot be used to provide the exact dose prescribed on the medication order, these products are eliminated. For instance, a drug product of 600 mg per unit could not be used to fill a medication order for a dose of 750 mg.
Yet it is not practical to allow any strength of product to be used. For instance, using ten 10-mg tablets to achieve a desired dose of 100 mg is not considered practical; we label this as pill burden. As a general rule, providers and pharmacists seek to minimize pill burden. To fill a medication order, we consider only drug products with 1) 50% or 100% of the desired strength, 2) 200% for tablets that can be scored, or 3) liquids, as these can be reduced by consuming less.
The next step in applying the Rules involves an assessment of how many individual doses of a drug are contained inside the drug product, or what we have labeled package size. Only drug products that have an equal or larger package size to fill the entire medication order are included. Thus, drug products with a small package size, say 10 capsules, would not be used to fill a prescription that requires 90 capsules. This definition aligns with current pharmacy practice, as pharmacies generally prefer to use bulk drug products for filling prescriptions. When considering medication orders with a duration that is greater than 3 months, we consider all drug products that fill at least 3 months of that medication order. This aligns with current pharmacy practice, as the maximum allowable days supply per filling by most insurance programs is 90 days. If the medication order is 1 tablet a day for a year, we consider all 1-tablet products with package size greater than 90 (instead of 365) and scale the result to reflect 1 year.
Next, we consider whether a product as packaged can be partitioned into a specified number of doses per medication order. Some products denoted as unit dose are dispensed to a patient if and only if the medication order is identical to the number of doses for the drug product. For example, many antibiotics come in blister packs that are designed to be exact dosages. If the medication order does not match identically with a unit dose drug product, then that drug product is not included in the set of substitutable products.
The cost of the medication order depends on how many total units of the drug product are required to fill the medication order. We scale all drug products to the units of the medication order (e.g., milliliters to milligrams, grams to milligrams, teaspoons to milligrams), compute the cost of 1 dose of the medication using each drug product, and multiply by the frequency per day and the number of days. An empirical distribution of the cost is created and shows the variety and variation of the number of clinically appropriate drug products and their associated costs that satisfy the Rules. For our examples, we use 100% of the AWP in 2010 US dollars as our cost metric.
We demonstrate the costing process for 3 oral drugs: cephalexin, lisinopril, and naproxen. Cephalexin, an antibiotic, is used to treat infections over a short treatment window (7-10 d). The drug is offpatent and has hundreds of equivalent drug products. Lisinopril is an angiotensin-converting enzyme inhibitor for the treatment of high blood pressure. Naproxen is a chronic pain medication available both with a prescription and over the counter. These drugs were selected as they are frequently used; each was in the top 100 products by total prescriptions in America in 2012, but they vary in how long they have been available (first date of introduction 1967-1987) as well as which conditions they treat, and whether they have previously published estimates of base-case and uncertainty of their costs. 53 
RESULTS
We illustrate a detailed summary of the step-bystep application of the Rules for cephalexin. For lisinopril and naproxen, we show only the derived empirical distribution resulting from applying the Rules.
A medication order for 500 mg cephalexin, twice a day for 10 d, is illustrated. Table 1 shows a small sample of 32 drug products of the available 557 drug products with the active ingredient cephalexin extracted from the Red Book. Lines that are printed in bold indicate drug products in this sample that meet the Rules.
The names of the drug products vary from Cephalexin, Bio-Cef, or Keflex, with the name of the manufacturer deidentified. The strengths of the drug products vary from 125 mg to 750 mg over all 557 drug products. All routes are oral, but the formulations vary showing capsules, tablets, and powders for liquid suspension. The column labeled Package Size illustrates the wide variation of the number of tablets or capsules in a package from 28 to 500, or 5 mL to 200 mL for the formulations used in liquid suspensions.
The column labeled AWP Package Price is the cost of the package that reflects the strength, package size, generic and unit dose features used in creating the empirical distribution. The AWP unit price is the package price divided by the number of units.
The Cost of Medication Order is the only column not taken directly from the Red Book and is computed by determining the number of units needed to fill the medication order multiplied by the AWP unit price. For example, the drug product in row 2 of Table 1 requires 40 units (2 capsules, twice a day, for 10 d); multiplying 40 by $0.28 equals $11.27. The unit price for a liquid is the price per single milliliter; thus, the total number of milliliters required to reach the strength of the medication order are used.
We apply the Rules to the 557 drug products that have the active ingredient cephalexin. The iterative elimination of drug products is described in the top section of Table 2 . In this example, all drug products are administered orally and thus are clinically equivalent.
Of the 557 drug products, 526 are either of 250-mg or 500-mg strength, 50% or 100% of the dose in the medication order, and minimize pill burden. The 10-d length of the medication order requires a package size of at least twenty 500-mg strength units or forty 250-mg strength units, eliminating 217 products. Two drug products are eliminated as they are unit dose and their package size is not equal to the medication order.
After the application of the Rules, 307 drug products remain. The costs of the medication order varies across the drug products, with some notable systematic features. For instance, the drug products in lines 6 and 7 of Table 1 are made by the same manufacturer (J) but differ only in package size. The price per 500 mg is $0.15 greater in the smaller package size ($0.81 v. $0.96), a relationship that is expected. Drug products in lines 13 and 14 made by manufacturer I also differ only by package size but have identical prices per unit ($1.63).
The bottom section of Table 2 illustrates key statistics. The range of the costs is from $11.27 to $259.40, with a mean of $106.37, median of $113.33, and a standard deviation of $60.07. The full empirical distribution of costs derived from our Rules is displayed in Figure 1a and indicates the relative number of drug products at different costs. This is contrasted with the cost estimate and sensitivity analysis from a previously published article by Hayes and Williamson. 49 Their base-case estimate of $97.56 (2010 US dollars) is defined as the maximum value, as the authors compared costs between a certain generic (the minimum) and nongeneric drug product (the maximum). The difference in costs between these drug products was used in a 1-way sensitivity analysis as shown as dashed lines in the empirical distribution reflecting our Rules in Figure 1a . Hayes and Williamson 49 assumed a uniform distribution between the minimum and maximum for probabilistic sensitivity analysis, as shown in Figure 1b .
The costs of 135 of 307 (44%) substitutable drug products are included in the range used for uncertainty analysis by Hayes and Williamson. 49 One hundred seventy of the selected drug products (55%) are greater than the study's base-case estimate of $97.56.
Next, we illustrate the empirical distribution of 20 mg lisinopril once a day for 1 y that is shown in Figure  2a and in Table 2 . Of 632 drug products with the active ingredient lisinopril, there are 109 drug products that meet the Rules. The distribution is bimodal, with a mode just under $400 and another just over $700, indicating a large spread in overall costs (standard deviation of $222.23). Eighteen generic products (16% of selected drug products overall) have a cost of less than $200, while the majority of other generics and most nongenerics were at least $400. Figure 2b reflects the published uncertainty analysis of Rosen et al. 47 that used a base-case value at $304.63 and assumed a triangular distribution between the minimum and the maximum values for probabilistic sensitivity analysis. This previously published range includes costs of 62 (57%) substitutable drug products, omitting a substantial number of higher cost drug products. Finally, we illustrate the results of the costing procedure for naproxen using a medication order of 500-mg capsules twice a day for 3 mo. The complete results are shown in Table 2 and Figures 3a and 3b . All 31 drug products with the active ingredient naproxen meet the Rules. The previously reported basecase estimate of $157.61 is at the lower end of the empirical distribution. 42 The sensitivity analysis in the published work by Wielage et al. 42 considered a range for 1-way analysis of $118.21 to $197.01. A normal distribution in which 6 standard deviations covered the range was used for probabilistic sensitivity analysis. This range would include only the costs of 4, or 13%, of the substitutable products. A visual comparison of Figures 1, 2 , and 3 shows the differences in distributions between our method and the previous studies for 1-way and probabilistic sensitivity analyses.
DISCUSSION
Our work describes a practical solution to an unconsidered problem when performing US-based economic evaluations. This is a unique issue to the United States, where no single national payer publishes a price for given units of all particular drugs. Since this cost does not publically exist, and given the fragmented nature of reimbursement in the United States where multiple payers are known to face varying levels of price discrimination, our method offers a more transparent parameter estimate for both the base-case cost and its uncertainty. 54 We defined our Pharmacy Practice-Based Substitution Rules in an effort to account for all reasonable products that could be used to fill the medication order and computed the empirical distribution of the costs. Our work highlights the careful consideration that should be given to drug costs, as there tends to be real and substantial differences in costs of identical products that can directly affect the results of costeffectiveness/decision analysis studies depending on the ratio of drug costs relative to nondrug costs. 55 In 42 for probabilistic sensitivity analysis, using a normal distribution with 6 standard deviations between $118. 21 and $197.01. this work, for simplicity, we present only our Rules and examples for oral drug formulations, but our Rules can be adapted to all drug formulations with minor adjustments.
The empirical distributions derived with the Rules illustrate the substantial heterogeneity in costs for a particular medication order. The shapes of the empirical cost distributions of the 3 illustrative drugs were shown on the same horizontal cost scale for each drug example to illustrate the wide variation in shapes and costs of medication orders. We have shown that the cost of a given medication order varies substantially depending on which drug product is used. This heterogeneity is inconsistent between drugs and classes of drugs and is not explained by a separate examination of generics or nongenerics.
It is clear that a single distributional assumption to reflect different cost distributions across drugs and drug classes does not exist. While the uniform distribution is chosen most frequently in the literature, other distributions such as triangular, normal, and gamma are used. Our examples illustrate that these distributional choices are clearly not valid across all drugs. By considering all possible drug products, our Rules allow for a transparent method that better follows actual practice and provides a practical guide for applied studies in the United States. Sampling from these empirical distributions for probabilistic sensitivity analyses and their range for 1-way analyses provide better inputs to decision analyses.
The differences in drug cost for clinically equivalent products appear to be a function of differing package sizes and individual manufacturer differences. A detailed review of all records found many inconsistencies. The cost per unit by manufacturer varied for most drug products. Some drug products produced by the same manufacturer cost more for a smaller package size as one might expect, while for other manufactures, the cost per unit is less for a smaller package size. These inconsistencies highlight the need to account for the full set of products that could be used to fill a medication order. One single estimate does not capture what occurs in a realworld setting where a heterogeneous drug product set is available.
Using our method could have substantial impact on the results of US-based economic evaluations, not only in drug studies but also in most health technology studies, as these decision analyses often have a drug component. The extent to which our procedure will affect the overall results relies on 2 key factors: 1) how different our distribution is from what was used previously and 2) the relative amount of drug costs to nondrug costs in the study. In some instances, the derived distribution by the Rules may be tighter than what was previously estimated, suggesting a smaller range of incremental cost-effectiveness ratios (ICERs) seen in sensitivity analysis. Our 3 examples, however, showed far wider ranges of drug costs as compared with previous estimates, suggesting that the ranges of ICERs computed in sensitivity analysis will increase. For studies in which a decision maker chooses one treatment over another that was close to a particular willingnessto-pay threshold, the overall decision or treatment strategy recommended could change if our method were adopted.
Our method is transparent and requires 3 main inputs: the cost metric, the frame of possible drug products, and the weighting of the drug products selected for inclusion. We chose AWP as our cost metric. We chose the entire Red Book as our frame, and we assumed equal weighting of the drug products selected in the empirical distribution.
The choice of the appropriate cost metric is beyond the scope of this study. Our literature review revealed that AWP is the most widely used cost metric. AWP and other publically available metrics such as WAC are flawed, as they rely on self-reported data from drug manufacturers to compute an estimate of the acquisition cost. Both AWP and WAC have been shown to be an overestimate of the true acquisition cost. 14 The goal of our work is not to present a perfect solution to drug costing in the United States but to use the information currently available to provide a more realistic and data-driven assessment of uncertainty. If better or more relevant cost metrics are available for certain payers, these can be transparently substituted in our approach with new empirical distributions generated.
With regard to the choice of the frame for reflecting drug products, we could have restricted the sample to include only generics or exclude certain drug products. The Rules can be altered to include only those drug products that yield exact matches of desired tablet strength. Given expert guidance, choices as to the inclusion of certain drug products or the weighting of these drugs to reflect actual market share could be incorporated.
These enhancements also apply to different payer perspectives. A certain payer, such as a health system, may have the ability to influence which drug products are used. The empirical distribution could consider only drug products that maximize revenue, or minimize cost, to that payer. In addition, if the true distribution or market share of a given drug were known by the payer, the actual distribution of products and corresponding cost would be used in lieu of the equal weight assumption.
Our approach defines the Rules to derive an empirical distribution for medication order costs and includes that distribution in a probabilistic sensitivity analysis simulation in which multiple iterations reflect the full range of costs used in drug costing along with the other estimates in the model. The base-case estimate can be defined using either the mean or median of the cost distribution depending on the level of skew.
When a researcher uses a parameter estimate and subsequent sensitivity analysis on drug product cost, they are seeking to control for 2 simultaneous phenomena. One phenomenon is the uncertainty about the extent to which the cost is correctly measured by the chosen metric for the reported payer's perspective. The second phenomenon is the uncertainty about which drug product is used to fill a certain medication order. Our Rules have examined and offered a solution to the latter.
Our method can be used with any cost metric to improve estimates of all kinds of drug costs and provide an assessment of the variation of cost estimates from the perspective chosen. Our solution of creating an empirical distribution creates a more realistic distribution than has previously been available for USbased drug cost estimates.
